Rail tracks are conventionally built on compacted ballast and structural fill embankments overlying the natural subsoil. Ballast plays an important role in providing track stiffness to support heavy traffic loads, and providing rapid drainage. However, ballast deforms and degrades progressively under the heavy cyclic loading of passenger and freight trains, which may lead to a loss of track geometry, and require costly regular maintenance. In particular, track construction requires appropriate stabilization techniques for ballast, the extent of which depends also on the type of subgrade. Comprehensive field trials were carried out on two rail lines in Bulli and recently in Singleton, New South Wales, Australia. In these studies, several track sections were reinforced with different types of geosynthetics placed beneath the ballast embankment. Both fresh and recycled ballast was examined for varying subgrade conditions. Recoverable and irrecoverable deformations of the substructure were routinely monitored. It was found that geogrids and geocomposites can decrease the vertical strains of the ballast layer, resulting in reduced maintenance costs. This paper describes the comprehensive field instrumentation, construction procedures, and field performance evaluation of these fullscale geosynthetic-stabilized ballast embankments in Bulli and Singleton.
INTRODUCTION
Ballasted rail tracks are widely used throughout the world. In these conventional type of tracks, a layer of ballast is placed above the sub-ballast or subgrade to act as a load bearing platform to support the track superstructure. The breakage of asperities (sharp corners), repeated grinding and crushing of rock aggregates under high cyclic and impact loading, causes differential track settlement that adversely affects track geometry and results in more frequent maintenance. Several previous researchers have highlighted ballast breakage and confining pressure as the key parameters in the design of ballasted rail tracks (Marshal 1973 , Indraratna et al. 2005 , Lackenby et al. 2007 .
The potential use of geosynthetics to improve stability has already been observed in several laboratory studies (Selig and Waters 1994 , Raymond 2002 , Indraratna and Salim 2003 , 2010 , but recent laboratory studies by Brown et al. (2007) and Indraratna et al. (2011a) have shown that the effectiveness of geogrid reinforcement is highly dependent on the stiffness and size of the apertures. A 30% increase in the stiffness of geogrid has resulted in up to 20% smaller vertical strain on the ballast, while the apertures providing the best interlocking between the geogrids and ballast are between 1.1 and 1.7 times the median particle size (d 50 ) of the ballast. The magnitude of the impact loads vary depending upon irregularities in the wheels or rails, and the dynamic response of the track (Jenkins et al., 1974; Indraratna et al., 2011b) . Installing resilient mats such as rubber pads (shock mats) in rail tracks can substantially attenuate the dynamic impact force (Nimbalkar et al., 2012) . However, only a few studies have assessed the relative merits of geosynthetics and shock mats under a track in in-situ conditions, and the 'field' performance of different types of geosynthetics to improve the overall stability of ballasted rail tracks has not been investigated systematically. Therefore, extensive field trials on sections of instrumented railway track at Bulli and Singleton, New South Wales (NSW), Australia have been conducted. This paper discusses details of the instrumentation and monitoring processes, as well as the findings from these unique field studies.
FIELD STUDY AT BULLI
In order to gain more insight into the stress-strain mechanism of track substructure and the benefits of using geosynthetics in fresh and recycled ballast, a field trial was undertaken on a section of extensively instrumented track at Bulli, NSW (Indraratna et al., 2010) . The design specifications for the track were provided by the University of Wollongong and the field trial was sponsored by RailCorp, Sydney.
Track Construction
In order to investigate the stresses induced by trains, including vertical and lateral deformations, and the benefits of using geosynthetics, a field trial was carried out on a section of instrumented track located between two turnouts at Bulli, part of RailCorp's South Coast Track. The total length of the instrumented track section was 60 m, which was divided into four, 15m long sections. The layers of ballast and subballast were 300 mm and 150 mm thick, respectively.
Material Specifications
The particle gradation of fresh ballast (sharp angular coarse aggregates of crushed latite basalt) was in accordance with the Technical Specification TS 3402 (RailCorp, Sydney). Recycled ballast was collected from spoil stockpiles of a recycled plant commissioned by RailCorp at Chullora yard near Sydney. The sub-ballast was a mixture of sand and gravel. The particle size distributions of fresh ballast, recycled ballast, and sub-ballast (capping) materials are given in Figure 1a . Table 1 shows the grain size characteristics of the fresh ballast, recycled ballast, and sub-ballast used at the instrumented track at Bulli (Indraratna et al. 2010) . The layers of geocomposite consisted of bi-axial geogrids placed over layers of nonwoven polypropylene geotextile. The technical specifications of the geosynthetic material used at this site have already been discussed by Indraratna et al. (2011b) .
Track Instrumentation
The performance of the experimental section was monitored using a series of sophisticated instruments. The vertical and horizontal stresses developed in the ballast were measured by rapid response hydraulic earth pressure cells with thick, grooved active faces based on semi-conductor type transducers. Vertical and lateral deformations were measured by settlement pegs and electronic displacement transducers, respectively. These transducers were placed inside two, 2.5 m long stainless steel tubes that can slide over each other, with 100 mm × 100 mm end caps as anchors. The settlement pegs consisted of 100 mm × 100 mm × 6 mm stainless steel base plates attached to 10 mm diameter steel rods. The settlement pegs and displacement transducers were installed between the sleeper and ballast, and between the ballast and sub-ballast, respectively, as shown in Figure 1b. 
Track Measurements
Vertical and horizontal deformations were measured in the field, against time. A relationship between the annual rail traffic in million gross tons (MGT) and axle load (A t ) was used to determine the number of load cycles (Selig and Waters, 1994) :
where C m = number of load cycles/MGT; A t = axle load in tons; and N a = number of axles/load cycle. Considering an annual tonnage of 60 MGT of traffic, and four axles per load cycle, an axle load of 25 tons gives 600,000 load cycles per year for 60 MGTpa track. Therefore the results were plotted against the time and number of load cycles, as discussed below. Figure 2a shows the maximum vertical cyclic stresses ( v ) and maximum horizontal cyclic stresses ( h ) recorded in Section 1, under the rail and the edge of the sleeper, from a passenger train travelling at 60 km/h (20.5 ton axle load). Under a normal rail track, there are significant lateral movements in the ballast. The large vertical stresses and relatively small lateral (confining) stresses caused large shear strains in the track. The corresponding ease of lateral spreading due to the absence of sufficient confinement increased the vertical compression of the ballast layer, as was also confirmed by Selig and Waters (1994) . Also,  v and  h increased with an increase in the number of load cycles, which further degraded the track bed. Figure 2b shows the maximum cyclic stresses ( v ,  h ) recorded in Section 1 due to the passage of a coal train with 100 ton wagons (25 ton axle load), where the stresses were measured under the rail and at the edge of the sleepers. As expected, the maximum cyclic stresses ( v ,  h ) measured in the layer of ballast and sub-ballast were higher for a coal freight train than a passenger train. It was shown that the greater axle load of the coal train imposed a higher  v and  h which resulted in a greater deformation and degradation of the ballast, implying the need for earlier track maintenance. 
Traffic induced peak stresses in ballast

Vertical and lateral deformation
The average vertical and lateral deformations were determined from the mean of measurements between the sleeper and ballast, and between the ballast and subballast. The average vertical and lateral deformations are plotted against the time scale (days) and number of load cycles (N) in Figures 3a and 3b , respectively. The recycled ballast showed improved performances, i.e. less vertical and lateral deformations, because of its moderately graded particle size distribution compared to the very uniform fresh ballast. If a layer of ballast is placed with a moderately graded grain size distribution, the corners of individual particles may not break so frequently because of their reduced angularity (less sharp corners/projections). The results of the field trials demonstrated the potential benefits of using a geocomposite at the base of the ballast layer in rail track, where it was able to reduce the vertical deformation of fresh ballast by 33% and recycled ballast by 9%. It also reduced the lateral deformation of fresh ballast by about 49% and recycled ballast by 11%. The apertures of the geocomposite offered a strong mechanical interlock with the ballast, forming a highly frictional interface. The ability of geosynthetics to reduce the rate of track deterioration is appealing to the railway industry because the cost of installation is low relative to the substantial financial benefits generated by an extended life span, and more resilient behaviour by the ballast.
FIELD STUDY AT SINGLETON
Track Construction
The sections of experimental track in this recent study were part of the Third To investigate how well different types of geosynthetics would improve the overall stability of the track under in situ conditions, an extensive study was undertaken on fully instrumented sections of track. Nine experimental sections were included in the Third Track while it was under construction, on three different types of sub-grades, including (i) the relatively soft general fill and alluvial silty clay deposit (Sections 1-5 and Section A), (ii) the intermediate cut siltstone (Sections 6 and C), and (iii) the stiff reinforced concrete bridge deck supported by a piled abutment (Section B), as shown in Figure 4 . 
Material Specifications
The substructure of the track consisted of a 300 mm thick layer of ballast r (D 50 = 36 mm, angular latite basalt fragments) underlain by a 150 mm thick layer of subballast (GP-GM, compacted sandy gravel, CBR ≥ 50%, d 50 = 4 mm). A structural layer of fill with a minimum of 500 mm thickness (GP-GM, compacted sandy gravel, CBR ≥ 30%, d 50 = 3 mm) was placed below the sub-ballast. The gradation and classification (at the time of commission) of the materials used to construct these components are reported in Table 2 . Although these materials had different particle gradations, they were all obtained from the same quarry (20 km northwest of Singleton) and were composed of similar minerals. Three commercially available geogrids, namely EnkaGrid, TensarGrid, TerraGrid, and one geocomposite i.e. CombiGrid (geocomposite) were installed in a single layer at the ballast-sub-ballast interface (Figures 5a and 5c ) to investigate the key influential factors, i.e., the stiffness, aperture size, and filtration ability under 'field' conditions. The properties of the geosynthetics used in this study are listed in Table 3 . The properties reported in the table are in the 'machine' direction followed by those in the 'cross-machine' direction. For comparison purposes, no geosynthetic was installed at Sections A and C. A layer of shock mat was installed between the ballast and bridge deck at Section B (Figure 5b ) to minimise any degradation of the ballast. The relevant properties of the shock mat are listed in Table 3 . Figure 6 shows how the instruments were installed at the experimental sections of track to study its behavior under repetitive traffic loads. Strain gauges were used to study deformations and mobilised forces along the layers of geogrid (Figure 6a ). Traffic induced vertical stresses were monitored by pressure cells. Transient deformations of the ballast were measured by five potentiometers (POTs) mounted on a custom built aluminum frame, as shown in Figure 6c . Settlement pegs were installed between the sleeper and ballast and between the ballast and sub-ballast to measure vertical deformations of the ballast (Figure 6d ). The strain gauges were a post yield type suitable to measure tensile strains between 0.1 to 15%. They were installed in a group, about 200 mm apart, on the top and bottom sides of the grids, in both the longitudinal and transverse directions (Fig. 6a) . At each section, one group of strain gauges was installed below the edge of the sleeper, while another was below the up rail. Protective layers made of vulcanized rubber were used to cover the strain gauges to minimise any damage caused by contact with the ballast. Flexible aluminum sleeves were also used to protect the data cables of the strain gauges, as shown in Figure 7 .
Track Instrumentation
FIG. 6. Details of instrumentation of experimental sections of track at Singleton using, (a) strain gauges, (b) pressure cells, (c) deformation frame and (d) settlement pegs.
Two pressure cells were installed at Sections 1, 6, A, and C, one directly below the ties and the other directly above the layer of sub-ballast (Fig. 6b) . To install them, the ballast was removed and the sub-ballast was levelled. The cells were then placed in position and the ballast backfilled, as shown in Fig. 8 . At Section B, three pressure cells were installed between the synthetic mat and the deck. Two cells were located below the up rail, while the other was below the down rail. The two POTs were mounted vertically on the frame (Fig. 6c) , one to monitor movement of the sleepers, and the other to measure the movement of settlement peg placed at top of the subballast. The other three POTs were mounted in an inclined fashion to monitor the vertical and horizontal deformations of the shoulder of the ballast at different locations. The deformation frame was held in place by support bases installed in the sub-ballast and layers of structural fill. Fig. 9 shows the deformation frame mounted in place to obtain any transient deformation of the ballast at Section A. Transient deformations were monitored at all the experimental sections, except for Section B. Electrical analogue signals from the strain gauges, pressure cells, and potentiometers were obtained using a mobile data acquisition (DAQ) unit shown in Figure 10 . The unit consisted of a National Instrument model 9188 module working in parallel with a mobile personal computer. The data acquisition module and associated wiring was housed in a custom made, aluminum case. The module provided electrical excitations and received signals from the instruments. The input signals were amplified and filtered to reduce signal noises. These 'conditioned' signals were converted into a digital format and then later in real time in the mobile computer. The data acquisition module was configured and controlled by a computer program written in the National Instrument's LabView environment. All the field data were obtained from the aforementioned instruments at a frequency of 2,000 Hz. A 12 V automotive battery provided a direct current power supply to the data acquisition module. Alternating power for the mobile computer was also provided by the same battery, but via an inverter. 
Track Measurements
Long-term Settlement of Ballast Layer
The settlement (S v ) and vertical strain (ε v ) of the ballast after about 100,000 load cycles, or 40 days after the track was commissioned, and about 300,000 load cycles or 120 days, are reported in Table 4 . These preliminary results indicate that the relationship between the settlement of ballast and the number of load cycles (N) is non-linear, regardless of how the track was reinforced. The rate at which settlements increased, decreased as the number of load cycles increased. When the results for sections on similar subgrades were compared to each other, vertical settlements of the reinforced sections were 10-32% smaller than those without reinforcement. This pattern is similar to that observed in the laboratory (Shin et al. 2002 and Brown et al. 2007) , and is mainly attributed to the interlocking between ballast particles and grids, as discussed earlier.
When the results for sections with similar geogrids are compared, it is apparent that the ability of geogrid reinforcement to reduce track settlement is generally higher for softer subgrades (low track substructure stiffness). Such an observation is in agreement with the results of the full scale laboratory tests presented by Ashmawy and Bourdeau (1995) . Moreover, of the four types of synthetics used, TerraGrid performed most effectively. Although the stiffness of TerraGrid is equal to or lower than the others, its aperture size (40 mm) enabled better interlocking between the ballast particles and grids. This finding also agrees with the criteria for optimum size apertures for geogrids proposed by Brown et al. (2007) and Indraratna et al. (2011a) . When Sections A, B, and C are compared, the results indicate that the vertical settlements are larger when the subgrade becomes weaker (low track stiffness), i.e., vertical settlement was smaller at the section on the concrete bridge deck (B) and larger than the section on the alluvial deposit (A). 
Transient Deformations of Ballast Layers
Transient deformations of the ballast layer were measured by the deformation frame. It was observed that the passage of trains with an axial load of 30 tons travelling at 40 km/h resulted in a vertical deformation (S tv ) between 1.5 to 3.0 mm, resulting in average vertical strain (ε tv ) of between 0.5 and 1.0%. The transient horizontal deformations of ballast (S th ) measured on the shoulder (up rail side) were all expansive and between -0.5 to -0.3 mm. This resulted in an average horizontal strain (ε th ) of -0.05 to -0.02%. The horizontal strains were larger near the crest and smaller near the toe of ballast. The average transient strains of track sections with reinforcement were about 15% smaller than those without reinforcement.
Traffic induced Vertical Stresses in Track
The vertical stresses (σ v ) due to the passage of trains with an axle load of 30 tons travelling at about 40 km/h were about 280 kPa at Section B (mat-deck interface) and between 30 to 40 kPa at Sections 1, 6, A, and C (ballast-sub-ballast interface). Vertical stresses at the sleeper-ballast interface of the latter sections were between 170 to 190 kPa, which indicate that the traffic-induced stresses were considerably larger in the track with a stiffer subgrade. The larger stresses also caused much more breakage of individual particles of ballast, as was anticipated. The ballast breakage index (BBI) after 750,000 load cycles (300 days after the track was commissioned) for Sections B was 17%, while Sections A and C were 9.8% and 13.1%, respectively. This finding appears to contradict the general perception that ballast subjected to higher stresses (Section B) would undergo larger settlements and vertical strains due to larger degrees of particle breakage (Lackenby et al. 2007) . This is because the ballast at Section B was contained within the barriers of the Mudies Creek bridge, which meant that the ballast could not spread laterally. At Sections A and C however, the ballast was allowed to expand more freely in a horizontal direction, and larger vertical settlement was thus observed. This observation also confirms that the ability of ballast to expand horizontally also influences the magnitude of track settlement as well as the degree of ballast breakage.
Strains in Geosynthetics
Accumulated longitudinal (ε l ) and transverse (ε t ) strains after 100,000 and 300,000 load cycles, as measured by the bottom strain gauges installed below the edges of sleepers, are given in Table 5 . Here, most of permanent strains in the geogrids in both directions developed when the track was being constructed, particularly when the ballast was being placed. In general, the strains did not change very much with the number of load cycles. As shown in Table 5 , the transverse strains were generally larger than the longitudinal strains, probably due to confinement or a higher level of longitudinal restraint relative to the transverse direction. The values of ε l and ε t also appear to be mainly influenced by deformation of the subgrade. As also shown in the table, the transverse strains developed in the CombiGrid (Section 5) were relatively large, although being stiffer they could have been expected to result in smaller strains because the embankment was constructed from alluvial silty clay and siltstone cuttings, and at this location underwent large lateral deformation shortly after the track was commissioned, which resulted in excessive transverse strains in the geocomposite. Induced transient strains in both the longitudinal (Δε lt ) and transverse (Δε tt ) directions due to the passage of trains with an axial load of 30 tons travelling at 40 km/h were between 0.14-0.17%. Unlike the accumulated strains, the values of Δε lt and Δε tt were smaller in grids with higher values of stiffness, but the transient strains in the geogrids were very consistent, and therefore were independent of the number of load cycles.
CONCLUSIONS
A comprehensive field monitoring program was undertaken at Bulli and Singleton in NSW, Australia, to study the ability of various geosynthetics to improve the overall stability of ballasted rail tracks. The sophisticated track instrumentation scheme used during field monitoring has led to a significant understanding of the stress-transfer and strain accumulation mechanisms in the track. The results of the Bulli study indicated that the use of geocomposite as reinforcing elements for recycled ballasted tracks proved to be a feasible and effective alternative. This was due to a composition of moderately graded recycled ballast that interlocked within the granular assembly much better than the very uniform fresh ballast recommended by the Australian Standards. The test results demonstrated the potential benefits of using a geocomposite in track, where it was able to reduce the vertical deformation of fresh ballast by 33% and recycled ballast by 9%. It also reduced the lateral deformation of fresh ballast by about 49% and recycled ballast by 11%. The apertures of the geocomposite offered a strong mechanical interlock with the ballast, forming a highly frictional interface. The geocomposite has proven to be effective in providing the key functions of reinforcement, and filtration and separation, thereby reducing the vertical and lateral deformations. The preliminary results of the Singleton study showed that geogrids could decrease the vertical strains of the ballast, with the obvious benefits of reducing the rate of deterioration of track geometry and decreasing the cost of maintenance. The effectiveness of this reinforcement increased as the subgrade decreased in stiffness. Transient strains of the ballast layer also decreased when geosynthetics were used. The strains that accumulated in the geogrids were influenced by the placement of the ballast and deformation of the subgrade, while the induced transient strains were mainly affected by the stiffness of the geogrids. The findings of these field studies allows for a better assessment of the ability of geosynthetic reinforcement to mitigate degradation caused by cyclic and impact wheel loads, as well as more economical and effective design and maintenance of ballasted rail tracks.
